Abstract: Multi-layered graphene was prepared by supercritical CO 2 exfoliation of graphite. As the additives of polyalphaolefin-2 (PAO2) oil, its tribological properties were investigated using four-ball test method. The friction reduction and anti-wear ability of pure lubricant was improved by the addition of graphene. With a favorable concentration, the graphene was dispersive. The PAO2 oil with 0.05 wt % graphene showed better tribological properties than that for the other concentration of graphene additives. It could be used as a good lubricant additive for its excellent tribological characteristics, and the multi-layered graphene can bear the load of the steel ball and prevent direct contact of the mating metal surfaces. However, a higher concentration would cause the agglomeration of graphene and weaken the improvement of tribological properties.
Introduction
Friction and wear remain the primary modes of mechanical energy dissipation in moving mechanical assemblies [1] . Sliding, rolling, and rotating contact interfaces in every artificial, natural, and biological system can generate friction. If friction is not controlled or reduced, it often causes greater wear losses and, hence, shorter life and poor reliability [2] . The most effective way to control friction is to use a lubricant in liquid or solid forms. Thus, the major demand for low-friction and long-life of mechanical assemblies is satisfied for purposes of energy saving, emission reduction, and environmental protection. Green tribology is emphasized in environmentally friendly energy and materials, as well as the enhancement of the environment and the quality of life [3] [4] [5] .
As is well known, lubrication is an important measure to reduce friction and wear in many engineering fields. There are two kinds of liquid lubricants, namely water-based and oil-based. The oil-based lubricants are generally used in most areas due to its many advantages, such as its wide sources, high thermal conductivity, etc. [6] . In recent years, the anti-friction and wear additives are usually used to improve the tribological behaviors of lubricants at low concentrations, especially for the environmentally friendly lubricants [7] . Low-dimensional nanomaterials with self-lubricating capability (such as MoS 2 , WS 2 , graphite, carbon nanotubes, and so on) might be considered as potential low-friction and anti-wear additives for future engine oil application owing to their unique size, shape, chemistry, and structure morphology. Recently, Erdemir [8] reviewed the latest research trends in 0 to 3D self-lubricating nanomaterials as potential oil additives and their prospects for commercial applications. He concluded that self-lubricating nanomaterials with 0 to 3D structural architectures may hold great promise for further enhancing the friction reducing, anti-wear, and anti-scuffing performance of future lubricating oil.
Graphene, a promising material with 2D laminated structure, has attracted considerable attention since its discovery [9, 10] . In recent years, graphene has played important roles in many fields due to its The lubricant oil, polyalphaolefin-2 (PAO2), with a viscosity of 2 mPa·s at 40 °C was supplied by Beijing Yanshan Petrochemical Co., Ltd. (Beijing, China). The graphene, without further treatment, was added into pure PAO2. The mixed solutions (three lubricant samples) containing several different concentrations of graphene were ultrasonicated for 30 min before each test. Hereinafter, the four samples in this study are expressed as: 0.0 wt % (pure PAO2), 0.05 wt %, 0.1 wt %, and 0.5 wt %. Graphene can be easily dispersed without any surface modification or surfactant in the oil-based lubricants after ultrasonication, as shown in Figure 2b -d. Furthermore, digital pictures taken 2 weeks after ultrasonication of the different concentration are shown in Figure 2e -g. For the samples just ultrasonicated, it can be noticed that the multi-layered graphene can be dispersed in PAO2. In can be seen that the multi-layered graphene can be easily dispersed without surface modification or surfactant in the oil-based lubricants, as shown in Figure 2b -d, after ultrasonication. At low concentration, the graphene particles are uniformly dispersed, and as time passes, the particles gradually aggregate and precipitate at a low speed. However, as shown in Figure 2f ,g, with a higher graphene concentration, the graphene particles easily assemble and become high-weight particle groups which are easily precipitated for the gravity effect. The dispersions displayed only short-term stability and precipitated completely after a few weeks. Comparing the different concentrations, increasing graphene concentration increased the precipitation rate. This is due to the aggregation of particles at a higher concentration. The lubricant oil, polyalphaolefin-2 (PAO2), with a viscosity of 2 mPa·s at 40 • C was supplied by Beijing Yanshan Petrochemical Co., Ltd. (Beijing, China). The graphene, without further treatment, was added into pure PAO2. The mixed solutions (three lubricant samples) containing several different concentrations of graphene were ultrasonicated for 30 min before each test. Hereinafter, the four samples in this study are expressed as: 0.0 wt % (pure PAO2), 0.05 wt %, 0.1 wt %, and 0.5 wt %. Graphene can be easily dispersed without any surface modification or surfactant in the oil-based lubricants after ultrasonication, as shown in Figure 2b -d. Furthermore, digital pictures taken 2 weeks after ultrasonication of the different concentration are shown in Figure 2e -g. For the samples just ultrasonicated, it can be noticed that the multi-layered graphene can be dispersed in PAO2. In can be seen that the multi-layered graphene can be easily dispersed without surface modification or surfactant in the oil-based lubricants, as shown in Figure 2b -d, after ultrasonication. At low concentration, the graphene particles are uniformly dispersed, and as time passes, the particles gradually aggregate and precipitate at a low speed. However, as shown in Figure 2f ,g, with a higher graphene concentration, the graphene particles easily assemble and become high-weight particle groups which are easily precipitated for the gravity effect. The dispersions displayed only short-term stability and precipitated completely after a few weeks. Comparing the different concentrations, increasing graphene concentration increased the precipitation rate. This is due to the aggregation of particles at a higher concentration.
Instruments and Experimental Parameters
The frictional coefficient, wear scar tests of multi-layered graphene as additives of PAO2 were evaluated by a multispecimen test machine (FALEX tribology 1506, USA) with a four-ball configuration. The tester was operated with one steel ball under load rotating against three steel balls held stationary in the form of a cradle. Before operating the machine with the test balls, the components were cleaned with petroleum ether under ultrasonication, rinsed with alcohol, and finally dried with a stream of nitrogen. Steel balls-made of AISI-52100 steel with a diameter of 12.7 mm and a hardness of 64~66 HRC-were used in the four-ball test. Before and after each test, the steel balls were cleaned in petroleum ether and absolute ethyl alcohol with ultrasonication, respectively. Then, the samples were dried with a stream of nitrogen. Three 12.7 mm diameter steel balls were clamped together and covered with pure PAO2 or graphene-added PAO2 lubricants to be evaluated. The experimental set up of the tribometer is shown in Figure 3 along with schematic view of the four-ball assembly. 
The frictional coefficient, wear scar tests of multi-layered graphene as additives of PAO2 were evaluated by a multispecimen test machine (FALEX tribology 1506, USA) with a four-ball configuration. The tester was operated with one steel ball under load rotating against three steel balls held stationary in the form of a cradle. Before operating the machine with the test balls, the components were cleaned with petroleum ether under ultrasonication, rinsed with alcohol, and finally dried with a stream of nitrogen. Steel balls-made of AISI-52100 steel with a diameter of 12.7 mm and a hardness of 64~66 HRC-were used in the four-ball test. Before and after each test, the steel balls were cleaned in petroleum ether and absolute ethyl alcohol with ultrasonication, respectively. Then, the samples were dried with a stream of nitrogen. Three 12.7 mm diameter steel balls were clamped together and covered with pure PAO2 or graphene-added PAO2 lubricants to be evaluated. The experimental set up of the tribometer is shown in Figure 3 along with schematic view of the four-ball assembly. The effects of load and rotation speed on the lubricants of graphene additives were studied under different loads in the range 120-400 N, and different rotation speeds ranging from 100 rpm up to 400 rpm. In this study, each test was carried out twice under the above condition. New balls were used in every test, and all the tests were conducted at room temperature with a relative humidity of 25%.
In order to characterize the morphology of the scar surface, after the test, the worn scars were detected using scanning electric microscopy (SEM, FEI QUANTA 200F), energy dispersive spectroscopy (EDS), and 3D white light interference (WLI). Besides, the viscosity of lubrication was measured using an MCR301 rotary rheometer, varying the shear rate from 1 s −1 to 10,000 s −1 .
Results and Discussion

Coefficients of Friction (COF)
The COF curves of lubricants with different graphene concentrations (wt %) under load of 120 N and rotation speed of 250 rpm are shown in Figure 4 . It can be seen that the fluctuation of COF curves is gentle. Moreover, the values of COF decrease smoothly with the passage of time and are less than that of the pure lubricant. This shows that the graphene has obvious anti-friction properties. The lowest value of COF is found when the graphene concentration is 0.05 wt %, about 78% less than that of pure lubricant.
curves is gentle. Moreover, the values of COF decrease smoothly with the passage of time and are less than that of the pure lubricant. This shows that the graphene has obvious anti-friction properties. The lowest value of COF is found when the graphene concentration is 0.05 wt %, about 78% less than that of pure lubricant. Figure 5 shows the curves of average COF of different samples under different loads and a rotation speed of 250 rpm, along with the error bars denoting the standard deviation around the rolling mean. It was found that the COF increased with the loads from 120 N up to 400 N for the four samples. Furthermore, when the loads are below 240 N, the COF rises markedly with increasing loading force, and is then stable with increasing load. Furthermore, the COF of the samples under a series of rotation speeds from 100 rpm to 400 rpm with 120 N (Figure 6 ) shows that the COF of the sample with 0.05 wt % graphene has the lowest friction under different rotation speeds. A comparison among the four samples (PAO2 with different graphene concentrations) shows that reduction of the friction coefficient for the sample with graphene is remarkable (Figures 5 and 6) . Additionally, as can be seen from Figure 6 , the COF is decreasing with increasing rotation speeds, from 100 rpm to 400 rpm. From the friction curves, it is found that the lubrication regime is mainly boundary and mixed lubrication, and the friction coefficient decreases with increasing sliding speed [24] . In addition, for the graphene-added PAO2, more graphene would be entrained into the rubbing surfaces with the increasing of rotation speed. Moreover, the higher rotation speed is beneficial to the dispersibility of graphene in PAO2 and hinders the precipitation phenomenon. Figure 5 shows the curves of average COF of different samples under different loads and a rotation speed of 250 rpm, along with the error bars denoting the standard deviation around the rolling mean. It was found that the COF increased with the loads from 120 N up to 400 N for the four samples. Furthermore, when the loads are below 240 N, the COF rises markedly with increasing loading force, and is then stable with increasing load. Furthermore, the COF of the samples under a series of rotation speeds from 100 rpm to 400 rpm with 120 N (Figure 6 ) shows that the COF of the sample with 0.05 wt % graphene has the lowest friction under different rotation speeds. A comparison among the four samples (PAO2 with different graphene concentrations) shows that reduction of the friction coefficient for the sample with graphene is remarkable (Figures 5 and 6 ). Additionally, as can be seen from Figure 6 , the COF is decreasing with increasing rotation speeds, from 100 rpm to 400 rpm. From the friction curves, it is found that the lubrication regime is mainly boundary and mixed lubrication, and the friction coefficient decreases with increasing sliding speed [24] . In addition, for the graphene-added PAO2, more graphene would be entrained into the rubbing surfaces with the increasing of rotation speed. Moreover, the higher rotation speed is beneficial to the dispersibility of graphene in PAO2 and hinders the precipitation phenomenon.
Lubricants 
Anti-Wear Behaviors
Wear scar diameter (WSD) is a key parameter to evaluate the anti-wear properties of the lubricants. The surface topographies of worn steel balls were investigated by 3D white light interference and the average WSDs were calculated from the surface topography. Figure 7 shows the average WSDs of ball samples under applied load of 120 N and rotation speed of 250 rpm with friction time of 30 min. It can be seen that the average WSD of pure lubricant is about 0.77 mm, which is larger than that of the other three samples. Figure 8 shows the 3D surface images of wear scars of different samples. As shown in Figure 8a , the worn surface in pure lubricant is rough with many wide and deep furrows, but the surface images of the other three samples are smooth except for a few scratches. This wear protective effect is attributed to increased tendency to form a protective film with graphene. The sample with 0.05 wt % graphene has a lower surface roughness than the pure lubricant. In contrast, when 0.5 wt % graphene was added, a number of scratches emerged on the surface with a greater surface roughness. Figure 8e ,f shows the linear roughness curve. When 0.05 wt % of graphene was added, the reduction of the WSD is up to 16%. This result indicates that the addition of graphene could improve the anti-wear properties of the lubricants. This might be due to the present of graphene on the friction surface. However, when the concentration increases, the WSD becomes a little larger, perhaps due to abrasive wear occurring [28] . 
Lubrication Mechanism
As stated above, with the addition of graphene additives in PAO2 is effective on the anti-friction and wear-resistant properties. It is well known that the rheological behavior is a key parameter of lubricants [32] . In order to investigate the effect of graphene additives on the rheological behavior of PAO2, the viscosity of samples was measured at 20 • C using a MCR301 rotary rheometer (Figure 9 ). It was found that the reduction of viscosity was the result of increasing shear rate for all samples. This can be explained by a shear-thinning phenomenon of the base liquids, and the addition of graphene does not change the characteristics of non-Newtonian liquid. Added to this, the addition of graphene causes a slight increase of the viscosity compared with pure PAO2, shown in the illustration insert in Figure 9 . This indicated that the viscosity of the four samples were about the same. 
As stated above, with the addition of graphene additives in PAO2 is effective on the anti-friction and wear-resistant properties. It is well known that the rheological behavior is a key parameter of lubricants [32] . In order to investigate the effect of graphene additives on the rheological behavior of PAO2, the viscosity of samples was measured at 20 °C using a MCR301 rotary rheometer ( Figure 9 ). It was found that the reduction of viscosity was the result of increasing shear rate for all samples. This can be explained by a shear-thinning phenomenon of the base liquids, and the addition of graphene does not change the characteristics of non-Newtonian liquid. Added to this, the addition of graphene causes a slight increase of the viscosity compared with pure PAO2, shown in the illustration insert in Figure 9 . This indicated that the viscosity of the four samples were about the same. Biphase (solid-liquid) lubricant could be helpful for better explaining the above. It is well known that liquid lubricants can reduce friction by preventing sliding contact interfaces from severe or more frequent metal-to-metal contacts or by forming a low-shear, high-durability film on rubbing surfaces. Depending on the sliding speed/rotation speed and other operating conditions, the lubricant can effectively separate the contacting surfaces and, thereby, reduce the direct metal-to-metal contact and thus friction and wear. In this study, if and when there is metal-to-metal contact, the graphene additives in PAO2 can form a protective film to provide additional safety. According with the Stribeck curve, the lubrication form is mainly mixed lubrication. When the concentration of graphene is appropriate, the favorable dispersive graphene additives into the base lubricant could be beneficial for the formation of lubrication film and persistence of additives on the rubbing surfaces. However, with the further increase of concentration of graphene, it is too difficult for the graphene additives to enter the rubbing surfaces due to the agglomeration of graphene. Moreover, it also reduces the dispersive behavior of graphene additive.
In this work, it has been shown that under a certain condition of multi-layered graphene, good anti-wear ability has been obtained, and at the same time, a very low friction coefficient is reached. The SEM and EDS of surface morphologies of three samples (0.0 wt %, 0.05 wt %, and 0.5 wt %) are shown in Figure 10a -c, respectively. In contrast, the rubbing surfaces of 0.0 wt % and 0.5 wt % have wide and deep furrows. Besides, some pits and spalls are non-uniformly covered on the surfaces. Furthermore, some coating (black region) appeared on the abraded surface as shown in Figure 10b ,c. Especially for the sample with 0.05 wt % graphene, the region of coating extended as shown in Figure  10b . As presented in Figure 10b , the rubbing surface lubricated with PAO2 added 0.05 wt % multilayered graphene is smoother. Thus, the mechanism of the reducing friction and anti-wear of graphene particles dispersed in PAO2 can be confirmed by results of SEM. As seen from Figure 10a -c, the carbon content in the rubbed surface of the sample with 0.05 wt % graphene is the highest. Taking Biphase (solid-liquid) lubricant could be helpful for better explaining the above. It is well known that liquid lubricants can reduce friction by preventing sliding contact interfaces from severe or more frequent metal-to-metal contacts or by forming a low-shear, high-durability film on rubbing surfaces. Depending on the sliding speed/rotation speed and other operating conditions, the lubricant can effectively separate the contacting surfaces and, thereby, reduce the direct metal-to-metal contact and thus friction and wear. In this study, if and when there is metal-to-metal contact, the graphene additives in PAO2 can form a protective film to provide additional safety. According with the Stribeck curve, the lubrication form is mainly mixed lubrication. When the concentration of graphene is appropriate, the favorable dispersive graphene additives into the base lubricant could be beneficial for the formation of lubrication film and persistence of additives on the rubbing surfaces. However, with the further increase of concentration of graphene, it is too difficult for the graphene additives to enter the rubbing surfaces due to the agglomeration of graphene. Moreover, it also reduces the dispersive behavior of graphene additive.
In this work, it has been shown that under a certain condition of multi-layered graphene, good anti-wear ability has been obtained, and at the same time, a very low friction coefficient is reached. The SEM and EDS of surface morphologies of three samples (0.0 wt %, 0.05 wt %, and 0.5 wt %) are shown in Figure 10a -c, respectively. In contrast, the rubbing surfaces of 0.0 wt % and 0.5 wt % have wide and deep furrows. Besides, some pits and spalls are non-uniformly covered on the surfaces. Furthermore, some coating (black region) appeared on the abraded surface as shown in Figure 10b ,c. Especially for the sample with 0.05 wt % graphene, the region of coating extended as shown in Figure 10b . As presented in Figure 10b , the rubbing surface lubricated with PAO2 added 0.05 wt % multi-layered graphene is smoother. Thus, the mechanism of the reducing friction and anti-wear of graphene particles dispersed in PAO2 can be confirmed by results of SEM. As seen from Figure 10a the carbon content in the rubbed surface of the sample with 0.05 wt % graphene is the highest. Taking into account the fact that graphene is made of carbon, it can be deduced that the graphene content in contact surfaces of this sample is also the highest. This indicates that a thin tribofilm is formed on the metal surface. The tribofilms could not only bear the load of the steel ball, but also prevent the direct contact of two mating metal surfaces [21] . Therefore, the anti-wear ability of the PAO2 with graphene additives was improved, and the friction coefficient was reduced significantly. However, when the concentration of graphene further increased, the anti-wear and friction-reducing performance was weakened. This might be due to the agglomeration of graphene during the friction process. The SEM images of the sample with 0.5 wt % graphene after the friction test are shown in Figure 11 . It was observed that the agglomeration of graphene appeared obviously. into account the fact that graphene is made of carbon, it can be deduced that the graphene content in contact surfaces of this sample is also the highest. This indicates that a thin tribofilm is formed on the metal surface. The tribofilms could not only bear the load of the steel ball, but also prevent the direct contact of two mating metal surfaces [21] . Therefore, the anti-wear ability of the PAO2 with graphene additives was improved, and the friction coefficient was reduced significantly. However, when the concentration of graphene further increased, the anti-wear and friction-reducing performance was weakened. This might be due to the agglomeration of graphene during the friction process. The SEM images of the sample with 0.5 wt % graphene after the friction test are shown in Figure 11 . It was observed that the agglomeration of graphene appeared obviously. In a real friction process, the contact surfaces were filled with the dispersed graphene, and then graphene sheets in PAO2 on contact surfaces can serve as spacers, preventing some real contact. In addition, the two-dimensional sheet shape of graphene could provide easy shear and more easily a slider between the two contact surfaces. So, the friction coefficient of PAO2 with graphene decreased In a real friction process, the contact surfaces were filled with the dispersed graphene, and then graphene sheets in PAO2 on contact surfaces can serve as spacers, preventing some real contact. In addition, the two-dimensional sheet shape of graphene could provide easy shear and more easily a slider between the two contact surfaces. So, the friction coefficient of PAO2 with graphene decreased obviously. All the tribological behaviors mentioned above show that graphene is very attractive for demanding tribological applications to achieve low friction and wear regimes.
Results indicated that a thin tribofilm is formed on the metal surface during the friction test. The tribofilms could in some degree bear the load of the steel ball, but also prevent from some direct contact between contact surfaces. Therefore, the anti-wear ability of the PAO2 with graphene additives was improved, and the friction coefficient was reduced significantly. In addition, the rubbing surface lubricated with PAO2 added with multi-layered graphene is smoother than the pure PAO2 lubricant condition.
The friction-reduction ability of multi-layered graphene sheets as lubricant additive could be explained by better dispersion. It could be deduced that the high-concentration graphene presented poor dispersion, with large graphene bundles caused by agglomeration being easily formed in higher concentrations, resulting in the friction coefficient increasing. When the concentration of graphene increases, the agglomeration and shape change of graphene occurs with the friction process, which can be seen from Figure 11 ; it is difficult for larger additives to enter into the contact area during the rotation friction process. Therefore, the improvement of anti-friction and abrasive properties were weakened with the higher concentration of graphene additives. obviously. All the tribological behaviors mentioned above show that graphene is very attractive for demanding tribological applications to achieve low friction and wear regimes. Results indicated that a thin tribofilm is formed on the metal surface during the friction test. The tribofilms could in some degree bear the load of the steel ball, but also prevent from some direct contact between contact surfaces. Therefore, the anti-wear ability of the PAO2 with graphene additives was improved, and the friction coefficient was reduced significantly. In addition, the rubbing surface lubricated with PAO2 added with multi-layered graphene is smoother than the pure PAO2 lubricant condition.
The friction-reduction ability of multi-layered graphene sheets as lubricant additive could be explained by better dispersion. It could be deduced that the high-concentration graphene presented poor dispersion, with large graphene bundles caused by agglomeration being easily formed in higher concentrations, resulting in the friction coefficient increasing. When the concentration of graphene increases, the agglomeration and shape change of graphene occurs with the friction process, which can be seen from Figure 11 ; it is difficult for larger additives to enter into the contact area during the rotation friction process. Therefore, the improvement of anti-friction and abrasive properties were weakened with the higher concentration of graphene additives. 
Conclusions
Multi-layered graphene sheets prepared by supercritical CO2 exfoliation of graphite showed excellent performance of friction reduction and anti-wear as 0.05 wt % additives of PAO2 in steelsteel contacts in comparison with the pure lubricant. With the 0.05 wt % graphene additives, friction coefficient reduced by about 78% and wear scar diameter decreased markedly compared to that of pure PAO2 lubricant under a load of 120 N and rotation speed 250 rpm. The lubrication mechanism was presented, which indicated that the graphene additives with the lubricant entered into the rubbing surfaces, and a thin physical triofilm formed on the rubbing surfaces to prevent the direct contact of these surfaces. This could explain the improvement of friction and wear properties with the appropriate concentration of graphene additives. The test results show that multi-layered graphene is very attractive for demanding tribological applications to achieve low friction and wear regimes.
